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The magnetic field dependences of the Faraday rotation of light and the magnetization of antiferro-
magnet TbFe3(BO3), and paramagnet TbAl;(BO3), compounds have been investigated. It is established
that the main contribution to the Faraday rotation in the TbFe3(BOs), is associated with the Th>+
subsystem at low temperatures. The antiferromagnetic ordering effects on this contribution is shown.

© 2014 Published by Elsevier B.V.

1. Introduction

Recently the multiferroic materials have received much atten-
tion among researchers due to their unusual properties. The multi-
ferroic materials exhibit several types of long range magnetic
ordering, spontaneous electric polarization and/or ferroelasticity.
A new class of such materials is compounds with a general for-
mula RM;3(B0s3),, where R is a rare earth element and M=Al, Ga,
Sc, Cr, and Fe [1-4]. All representatives of this family crystallize in
a trigonal system with the space group R32. The subfamily of
aluminum borates RAl3(BOs3),, which are paramagnets down to
low temperatures, shows the most pronounced multiferroic prop-
erties. For example, the crystals TmAl3(BO3), and HoAl5(BOs),
have a significant electric polarization in external magnetic fields
[3,4]. The magnetic behavior of rare-earth borates changes sig-
nificantly with the replacement of Al by Fe in RM3(BO3),. The
interaction between the rare-earth and iron subsystems gives rise
to a great variety of different magnetic phases, including incom-
mensurate magnetic structures [5]. In the iron borates, such as
GdFe3(BO3), and TbFe3(BOs3),, the first order structural phase
transitions from high symmetry R32 to low symmetry space group
P3121 were observed at temperatures 192 and 156 K, respectively
[6,7]. In the iron borates the Fe subsystem orders antiferro-
magnetically at low temperatures (Ty=20-40 K) [8]. At the same
time the rare-earth subsystem remains paramagnetic below Ty.
The magnetic moments of the rare-earth ions are polarized by the
exchange coupling between the rare-earth and iron subsystems.
Two types of magnetic anisotropy of the antiferromagnetically
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ordered state could be observed in the iron borates: the “easy
plane” anisotropy for the compounds with Y, Nd, Er, and Tm and the
“easy axis” one with Tb, Pr and Dy. The rare-earth iron borates with
the “easy axis” anisotropy show spin-flop transitions in magnetic
field Hllc below Ty [7,9,10].

It is well known that the Faraday rotation angle induced by the
external magnetic field is proportional to the magnetization of
crystals in both aluminum and iron borates. In the external
magnetic field the magnetization M(H) of the TbFe;(BO3), borate
can be represented as a sum of the magnetization of the terbium
subsystem Mp,(H) and the magnetization iron subsystem Mg(H).
For TbFe;(BOs3), the rotation angle @(H) in magnetic field Hl ¢ can
be described by the following expression:

&(H) = (AMy, +BMF,)d (D

where A and B are the magneto-optical constants for the terbium
and iron subsystems, respectively. d is the thickness of the sample.

In contrast to the terbium iron borate, the crystal TbAl5(BO3),
contains only one type of magnetic ions: the terbium subsystem.
In external magnetic fields the magnetization M'(H) and the
Faraday rotation @'(H) of this crystal are determined by the
magnetization of terbium subsystem M7, (H). Therefore, @'(H) for
TbAl3(BOs3), can be described as follows:

@' (H)=AMj,d )

where A’ is the magneto-optical constant for the terbium sub-
system and d is the thickness of the sample.

The study of field dependences of Faraday rotation and mag-
netization of TbAl3(BO3), and TbFe3(BOs), borates can clarify the
contributions of both magnetic subsystems to the Faraday rotation
in the crystal TbFe3(BOs), separately, due to the presence of the
terbium subsystem as in TbAl;(BOs), and TbFe;(BOs), borates.

jmmm.2014.03.034

Please cite this article as: V.A. Bedarey, et al.,, Journal of Magnetism and Magnetic Materials (2014), http://dx.doi.org/10.1016/j.

67
68
69
70
71
72
73
74

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102


www.sciencedirect.com/science/journal/03048853
www.elsevier.com/locate/jmmm
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
mailto:pashchenko@ilt.kharkov.ua
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034
http://dx.doi.org/10.1016/j.jmmm.2014.03.034

OO U D WN =

2 V.A. Bedarev et al. / Journal of Magnetism and Magnetic Materials § (ANEE) EER-NEN

The purposes of the present work are studying of the Faraday
effect, determination of the contributions to the Faraday rotation
and investigation of the temperature behavior of these contribu-
tions in the crystals TbAl3(BO3), and TbFe3(BOs),.

2. Experimental results

The single crystal samples of TbAl;(BO3), and TbFe3(BO3), were
grown by the method described in [7,11]. For the optical measure-
ments the samples were cut in the form of plane-parallel plates
perpendicular to the c-axis. The thickness of the samples was
d=150 and 110 pm for TbAl;(BO3), and TbFe3(BOs),, respectively.
In order to reduce the elastic stresses after mechanical polishing
the samples were annealed at 800°C for 10 h. Both samples have
good transparent properties for the visible range of light.

The field dependences of Faraday rotation angle were mea-
sured using an experimental system with incorporating modula-
tion and synchronous detection techniques. The sample was main-
tained in a cold finger of an optical helium cryostat in vacuum. The
temperature was controlled by a resistance thermometer to within
0.1 K. A superconducting solenoid with Hy,;x=55 kOe was used
as a source of magnetic field coinciding with the direction of the
light propagation. A filament lamp with interference filter (Apax=
633 nm, FWHM =11 nm) was used as a light source.

The field dependences of magnetization of both samples were
measured with a Quantum Design SQUID magnetometer MPMS
XL5 in the temperature range 8-35K and magnetic fields O-
50 kOe.

The magnetic field was directed along the c-axis of crystals in
both experiments.

2.1. TbFE3 (B03)4

The magneto-optical properties of TbFe;(BO3), single crystal
were measured in an external magnetic field parallel to the c-axis
of the crystal. Fig. 1 shows the field dependences of Faraday
rotation &(H) in TbFe3(B03), at fixed temperatures of 8, 10, 15,
20, and 35 K. As can be seen in Fig. 1, at the lowest temperature
T=8 K the curve &(H) has a more pronounced nonlinear character
and this nonlinearity gradually diminishes with increasing tem-
perature. At temperature close to Ty=40K the curve &(H)
becomes almost linear.

In addition to the optical measurements the magnetic field
dependences of magnetization M(H) of the TbFe3;(BOs), borate
were measured by a SQUID technique. The magnetic experiments
were performed at the same temperatures. Fig. 2 shows the field
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Fig. 1. Field dependences of rotation angle @(H) of light polarization plane in the
TbFe;(BO3), single crystal at various temperatures for Hllc. The symbols are the
experimental data; the lines are the calculated curves by using expression (1).
The thickness of the investigated sample of TbFes(BO3), is d =110 pm.
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Fig. 2. Field dependences of magnetization M(H) of the TbFes(BOs), single crystal
for Hllc. Symbols are the experimental data; the lines are the calculated curves by
using expression (5).
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Fig. 3. The field dependence of Faraday rotation of the TbAl;(BOs), single crystal at
T=8 and 35K for Hlc. The symbols are the experimental data; the lines are the
calculated curves by using expression (2). The thickness of the investigated sample
of TbAl3(BO3), is d =150 pm.

dependences of magnetization M(H) of the TbFe3(BOs), borate for
magnetic field Hllc. Evidently, the magnetization curves obtained
are very similar to the results of the Faraday rotation experiments.
At low temperature the curves M(H) have nonlinear character.
At temperatures close to Ty the curves M(H) become almost linear.

2.2. TbAl5(BO3),

Further we will consider the magneto-optical properties of TbAls
(BO3), borate which contains a single Tb magnetic subsystem. The
optical and magnetic measurements of the TbAl;(BO3), borate were
performed under the same experimental conditions as of the
TbFe3(BO3), borate. Figs. 3 and 4 show the field dependences of
Faraday rotation and magnetization of TbAl3(BOs), at T=8 and 35 K
and magnetic fields up to 35 kOe for orientation H Il c. As one would
expect the obtained results for magnetization are very similar to the
results of the Faraday rotation experiments for TbAl;(BOs),. These
dependences at T=8 K demonstrate that the rotation angle of
polarization plane and the magnetization of the TbAl;(BOs), borate
tend to a saturation value with increasing magnetic field. Whereas
at 35K the field dependences of Faraday rotation and magnetiza-
tion do not tend to a saturation and demonstrate almost linear
behavior.
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